Abstract. The interactions between phytoplankton nutrition and the response of carbon (C) and nitrogen (N) uptake to irradiance relationships were examined during September 1993 in Monterey Bay, California, an eastern boundary current upwelling regime. Measurements of N uptake and C assimilation rates versus irradiance (V:I and P:I) experiments were performed using trace-level additions of l5 N-labeled NO 3 " and NH 4 + , and l4 C-labeled bicarbonate to water collected from a depth of -30% of surface photosynthetic photon flux density (PPFD). An upwelled water mass was sampled consecutively, with hydrographic stations located at the upwelling site, 48 h later down the horizontal axis of the upwelling plume, and a final time (24 h later) with waters consisting of a mixture of 5-6 day aged upwelled water and warmer surface water from outside the plume. As the water aged, a progressive shift in the rates of C and N utilization occurred, with C assimilation increasing while N uptake rates decreased. At the same time, NH 4 + dominated the nitrogenous nutrition in older upwelled water, even in the presence of high concentrations of ambient NO 3 ". Dark-uptake rates for all substrates were uniformly low at all stations; NH 4 + uptake demonstrated the least dependence on PPFD. The results of this study demonstrate dramatic changes in the light-mediated response of C and N uptake, resulting in assimilation ratios considerably different from predicted values assuming phytoplankton C:N uptake rates will be proportional to Redfield C:N composition. These data provide clear evidence of physiological changes in the natural planktonic assemblage of this evolving upwelling ecosystem.
Introduction
Characterization of the response of a phytoplankton assemblage to dynamic physical forces often involves measurement of the indices of photoadaptation, which assay the ability of the phytoplankton to utilize available energy to meet the nutritional demands of growth. These indices (or parameters) are typically derived from photosynthesis versus irradiance (P-I) experiments for carbon uptake. Nitrogen'uptake indices have similarly been calculated by application of the Michaelis-Menten rectangular hyperbola to the nitrogen uptake versus irradiance response (e.g. Maclsaac and Dugdale, 1972; Kanda et al., 1989; Cochlan et al, 1991a) . However, to date, very little attention has been directed towards the interactions and variability of nitrogen and carbon uptake and assimilation and ambient light levels in upwelling systems, areas where rapid changes in the physical environment will cause correspondingly dramatic changes in phytoplankton physiology.
An upwelling zone exhibits both short (hours) and long-term (days) temporal changes in phytoplankton nutrient uptake rates and community structure in response to the rapid changes in ambient light and nutrient fields occurring during an upwelling event. In the recent literature, two contradictory descriptions of these long-term changes as they relate to phytoplankton nitrogen utilization have emerged. The first, characterized as the 'shift-up' response, hypothesizes that during an upwelling event the phytoplankton assemblage undergoes an acceleration from initially low biomass-specific (V; h" 1 ) rates of nitrogen (NO 3~) utilization until a maximal rate is achieved some several days after the onset of upwelling. This shift-up is hypothesized to occur because of physiological adaptation by the phytoplankton assemblage to the changing environmental conditions (e.g. Maclsaac et al, 1985; Zimmerman et al., 1987a; Dugdale and Wilkerson, 1989; Probyn, 1992) , and the response is attributable to the lag-time necessary for the phytoplankton assemblage to synthesize the necessary metabolic components to utilize NO 3~ maximally.
An alternative hypothesis is presented by Dickson and Wheeler (1995) who described the phytoplankton assemblage off coastal Oregon as being 'adapted to local conditions even during upwelling events' with no evidence for a shift-up response as defined by Dugdale and others. They attributed the apparent shift-up response to methodological errors, such as not accounting for the artifactual increase in PN-specific uptake rates due to the dilution effect of detrital nitrogen (Garside, 1991) , and suggested that the shift-up response is unlikely to occur during typical coastal upwelling events. The authors imply that the phytoplankton exhibit almost instantaneous adaptation to the ambient physical conditions, such that any perceived changes in phytoplankton physiology are artifactual in nature; they conclude that perceived changes in specific nitrogen uptake rates are a function of biomass and nutrient concentrations, and are not indicative of physiological adaptation (Dickson and Wheeler, 1995) .
The experiments conducted in this study were designed to follow a phytoplankton assemblage during an upwelling event, and to test whether or not measurable changes occur in the assemblage's partitioning of photosynthetic energy between carbon and nitrogen utilization as measured by photosynthesis versus irradiance (P-I) and nitrogen uptake versus irradiance (V-I) kinetics experiments. The null hypothesis is that there is no physiological adaptation, and that any apparent changes in uptake response are an artifact of the experimental procedure. As an alternative hypothesis, we contend that upwelled phytoplankton assemblages undergo measurable changes in their utilization of carbon and nitrogen as a function of irradiance, which we predict will be manifested as a series of cellular biochemical changes. These changes should result in an initial stimulation of carbon metabolism, necessary for basic metabolic processes and protein formation; following this, we expect an increase in NO 3~ utilization relative to other nitrogenous sources in the early stages of upwelling as the necessary metabolic components for NO 3~ assimilation are synthesized. During this latter stage, partitioning of available photoreductant is expected to result in more nitrogen being incorporated relative to carbon (significantly greater than the Redfield ratio; Redfield et al., 1963) , to provide the nitrogenous nutrition demanded by the rapidly growing phytoplankton assemblage, and to balance the accumulation of carbon which occurred prior to the shift-up of NO 3 " metabolism.
As logarithmic (maximal) growth conditions are achieved, the phytoplankton will attain a 'balanced growth' state and carbon assimilation will increase relative at Pennsylvania State University on February 23, 2013 http://plankt.oxfordjournals.org/ Downloaded from to nitrogen uptake rates, until Redfield proportions are approximated. As the water mass continues to age and nutrients are depleted, NH 4 + is predicted to become the predominant source of nitrogen. At the same time, carbon assimilation will become an increasingly important sink for photosynthetic reductant, as the phytoplankton cells, now rich in light-harvesting pigments, are maintained in a high-light environment and must provide a mechanism for the utilization of the light energy being absorbed. Although these biochemical responses are difficult to test under field conditions [but see Smith etal. (1992) for laboratory results], by conducting the relatively straightforward P-I and V-I experiments we believe it is possible to determine whether there are, in fact, measurable changes in phytoplankton physiological processes which would correspond to the shift-up scenario, or whether the apparent changes are due to fluctuations in biomass and nutrient concentrations, with no observable (long-term) physiological adaptation occurring as proposed by Dickson and Wheeler (1995) .
These experiments were conducted in Monterey Bay, which is located adjacent to the eastern boundary of the California Current (Nelson, 1977; Strub et al., 1987; Rosenfeld et al., 1994) . During spring and autumn, Monterey Bay exhibits localized upwelling in the northern region of the bay, resulting in surface waters which are cold and nutrient rich. In the upwelling plume, a diatom community typically dominates, while the warmer, nutrient-depleted waters outside of the upwelling plume are associated with a mixed oceanic community (Bolin and Abbott, 1963; Schrader, 1981; Buck et al., 1992) . Simulated in situ experimental conditions were maintained (i.e. trace level as opposed to saturating enrichments of isotopically labeled nitrogen substrates) in an attempt to provide data more representative of the ecologically relevant physiological status of the phytoplankton, Discrete water samples were taken over a period of 4 days with locations chosen to represent freshly upwelled water, aged upwelled water at maximal growth rates (e.g. in balanced growth) and post-bloom upwelled water.
Method

Sample collection
Experiments were conducted in Monterey Bay, California, aboard the R/V 'Point Sur' during September 1993. The initial sampling location was chosen to correspond to the center of a persistent upwelling event as determined from previous cruises in the study area and from surface mapping of temperature, salinity, in vivo fluorescence, and NO 3 " + NO 2~ concentrations of the area 48 h previous to occupation of the first station (see Figure 1 ). The upwelled water was tracked over a period of 5 days using a holey-sock drifter (Niiler et al, 1995) drogued to 10 m depth and deployed from the center of the upwelling plume. Three stations were occupied: Station 34 (13 September) was located at the site of the drifter deployment, Station 44 (15 September) was located downstream from the deployment site, and Station 58 (16 September) was located in a weak frontal system on the nearshore edge of the upwelling plume. The drifter track and mapping data indicated that the frontal system at Station 58 consisted of a mixture of upwelled water http://plankt.oxfordjournals.org/ -5-6 days old and warm surface water from the central bay, with no distinct boundaries between the water masses present. It is apparent from temperature-salinity (T-S) diagrams (Figure 2 ) that the waters sampled consisted of an upwelling plume which gradually entrained warmer surface waters from outside the plume. Discrete water samples were collected from 10 m depth on days 1 and 2, and from 6 m on day 3 [-30% incident surface photosynthetic photon flux density (PPFD) for all casts] using acid-cleaned PVC Niskin bottles (equipped with silicone tubing as internal springs) on an instrumented rosette equipped with a 4n light meter (Biospherical Instruments QSP-100). The water was dispensed into 20 1 Nalgene® polycarbonate carboys covered with opaque plastic to minimize stray light.
Tracer uptake experiments
Water was dispensed into 280 ml polycarbonate (Nalgene®) incubation bottles and maintained under low light within insulated containers for -30-45 min prior to being inoculated with either carbon or nitrogen isotopes. Uptake rates of NO 3 " and NH 4 + were measured by adding trace additions (-10%; Dugdale and Goering, 1967) ) to water samples. Duplicate samples were conducted at two PPFDs (100 and 0% / 0 ) for error analysis. Owing to the length of the incubations, rates are indicative of both transport and assimilation for both carbon and nitrogen; for brevity, we will refer to uptake in the text.
After inoculation, the incubation bottles were placed in clear Plexiglas® tubes wrapped with neutral-density film (Courtaulds Performance Films) to simulate the following PPFDs: 75, 43, 26, 18, 15, 11.5, 8.5, 5 .3,1.0 and 0.27% / 0 . The 100% (unscreened) and 0% 7 0 (wrapped in aluminum foil) incubation bottles were not placed in Plexiglas® tubes. The screened tubes and free bottles were placed in two clear Plexiglas® deck incubators cooled with continuously flowing near-surface (-5 m) seawater to maintain the ambient temperature of collection to within ± 2°C. Incident surface PPFD was determined for the duration of the experiments using a Biospherical Instruments QSR-240 4rc detector placed near the incubators. All incubations were -4 h in duration and were initiated between 07:00 and 09:00 h (PDT) each day. http://plankt.oxfordjournals.org/ Carbon and nitrogen incubations were terminated by filtration (pressure differential <150 mmHg) onto pre-combusted Whatman® GF/F filters. The relabeled filters were placed into scintillation vials, 1 ml of 1 N HC1 was added and allowed to degas >12 h before the addition of 20 ml ICN Cytoscint ES scintillation fluor. Time-zero blanks were used to correct for cell and bottle adsorption of 14 C. Samples were counted on a Beckman LS 3801 scintillation counter, and hourly uptake rates were calculated according to Parsons et al. (1984) with no dark bottle correction applied.
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N-labeled filters were stored frozen (-20°C) and transported to the laboratory, where they were placed in a drying oven (<60°C, >24 h). The samples were then prepared and analyzed for particulate nitrogen (PN) and isotopic enrichment on a Europa Tracermass mass spectrometer. Nitrogen uptake rates were calculated using equation (3) in Dugdale and Wilkerson (1986) . Based on ambient dissolved nitrogen concentration, the final particulate nitrogen concentration, and the final 15 N atom percentage of the particulate fraction, it was calculated that a mean (± SD) of 10 ± 12% and 1.2 ± 0.3% of the NH 4 + and NO 3 " in solution, respectively, was incorporated into particulate material during the incubation period. No corrections were applied for isotopic dilution from remineralization of 14 N-NH 4 + during the incubation; therefore, our NH 4 + uptake rates should be considered conservative estimates.
Analytical methods
Samples for automated nutrient analysis were frozen (-20°C) for analysis ashore using a Technicon Auto Analyzer® II for NO 3 " + NO 2 " (Wood et al, 1967) and SiC^4" (Armstrong et al., 1967) . Fresh ammonium samples were manually analyzed with a spectrophotometer equipped with a 10 cm cell according to Solorzano (1969) ; those few samples not immediately analyzed were preserved with the phenolic reagent and refrigerated until analysis (<24 h). Samples for chlorophyll (Chi) a were filtered onto uncombusted Whatman® GF/F filters, extracted for 24 h in 90% acetone (-20°C), and analyzed for Chi a and phaeopigments by in vitro fluorometry (Parsons et al., 1984) . Samples for bacterial counts were fixed with filtered (0.2 urn) formalin (2% final concentration) and stored at 4°C in the dark until counting ashore. Samples were enumerated by epifluorescence microscopy using acridine orange (Hobbie et al, 1977) . Samples for phytoplankton species analysis were preserved in acid Lugol's solution (Parsons et al, 1984) and stored in the dark until analysis following Utermohl procedures (1958) .
Kinetic parameters
Uptake versus irradiance curves were obtained using a computerized, iterative, non-linear least-squares technique (Kaleidagraph®; Abelbeck Software). Relevant symbols and terminology are summarized in Table I . The carbon data were fitted to the three-parameter P-I model proposed by Platt and Gallegos (1980) , which is as follows: where P B is the biomass-specific rate of photosynthesis, Pf is the maximum theoretical photosynthetic rate in the absence of photoinhibition, / is the integrated average PPFD during the incubation, (3 describes the effects of photoinhibition and a is the initial slope of the light saturation curve. The conventional index of light adaptation for photosynthesis is calculated as I k = P^la and is simply the PPFD where the extrapolation of a and /* intersect. The nitrogen data were fitted directly to the Michaelis-Menten hyperbola modified to allow for dark uptake, as described by Cochlan el al. (1991a) :
where V is the biomass-specific rate of nitrogen uptake, V D is the dark value of V, /is the integrated average PPFD during the incubation, V' max is the light-saturated value of V and K LT (the half-saturation constant for light) is PPFD at 0.5 V' max . Since the initial slope (a) of the Michaelis-Menten plot can be calculated as a = V"max/^LT ( e 8- Healey, 1980) , the half-saturation constant K LT , like the derived photosynthetic parameter / k , is also the PPFD where extrapolations of a and maximum realized uptake intersect. The assumption is made that dark uptake is a constant at all light levels. Only data showing no photoinhibition (as determined by visual examination of the data) were used in this analysis, resulting in one point being removed from Station 58 (100% 7 0 ).
In order to facilitate comparisons of nitrogen and carbon uptake-irradiance response curves in this data set and with previously published studies, all rates have been normalized to the chlorophyll biomass, as suggested by Dickson and Wheeler (1995) . Statistical analyses for goodness-of-fit were determined using the variance approximation techniques described by Zimmerman et al. (1987b) .
Results
General physical characteristics
Horizontal mapping and drifter deployments confirmed the presence of a moderately strong upwelling plume centered off the coast of Santa Cruz with a relatively shallow bottom depth of -65 m (Figure 2 ). Station 34 exhibited typical upwelling plume characteristics, including the absence of a pronounced thermocline or halocline, cold nutrient-rich water of relatively low biomass, and a sub-surface fluorescence maximum at -25 m. Station 44 (occupied 48 h later) exhibited a more pronounced thermocline, which was shallower in depth than for Station 34. In vivo fluorescence profiles for Station 44 exhibited higher values than those found at Station 34, with a surface chlorophyll maximum. Station 58, which was located within a weak frontal system, exhibited a strong thermocline and halocline below a surface mixed layer extending to -12 m. Fluorescence profiles were not available for Station 58. Examination of the T-S diagrams for the three stations where water was collected, as well as from an outer bay station (36°44.5'N, 122°35.5'W) representative of warmer California Current water, indicates that the sampled stations fall approximately on a conservative mixing line between the cold upwelled and the warmer California Current waters (Figure 2 ). Throughout this study, the weather was predominantly clear after some initial cloudiness and morning fog during the first day (Station 34), resulting in similar ambient light conditions during each experiment.
Descriptive characteristics of discrete samples
Ambient surface concentrations of NO 3~ + NO 2~ and SiO,, 4 " were relatively high at Station 34, and NH 4 + concentrations were greater than expected for an upwelling center (Table II) . Although initially high (-1 uM),NH 4 + concentrations decreased by a factor of two in subsequent sampling as the day progressed (R.M.Kudela and W.P.Cochlan, in preparation). Nutrient data, together with examination of physical and wind stress records (not shown), indicate that the initially strong upwelling-favorable conditions encountered earlier (-48 h) had weakened considerably before Station 34 was occupied. This suggests that Station 34 water was upwelled previously to our collection period by -24-36 h. SiO^ concentrations at Station 44 declined stoichiometrically with NO 3~ from maxima recorded at Station 34; the further decrease to lower NO 3~ concentrations at Station 58 was, however, greater than the SiO/~ decline (N:Si depletion = 5.43 between Stations 44 and 58). NO 3~ concentrations were up to 2-fold lower at Stations 44 and 58, but were still at physiologically saturating levels (e.g. Eppley et al., 1969; Falkowski, 1975) The species composition remained similar at all stations. Abundances (as both presumed biovolume and cell counts) of diatoms (primarily Chaetoceros spp.) increased steadily with time, and were dominant at Station 34; Station 44 and 58 also exhibited high numbers of nanoflagellates, principally Chrysochromulina spp. Bacterial abundance was initially very low in the freshly up welled water and increased ~5-fold with time (Table II) ; the final abundance values, although higher, remained relatively low for a coastal regime.
Carbon and nitrogen uptake versus irradiance
The P-I relationships determined in this study are summarized in Table III and Figure 3 . Station 34 exhibited conditions expected for recently upwelled waters, with a high sensitivity to low light (as determined by the initial slope of the P-I curve, a), high maximum uptake rates (/®) and no photoinhibition. Forty-eight hours later, at Station 44, the maximum uptake rate had declined considerably, as had a, and there was some photoinhibition at the highest incubation PPFD. Station 58 in the frontal zone demonstrated a return to high maximum uptake rates and increased low-light sensitivity, but also exhibited the most pronounced photoinhibition, which initiated at -534 umol irr 2 s" 1 (compared to an 7 m value of -630 umol m~2 s" 1 for Station 44). The a values (Stations 34,58) are proportional to -31% of the theoretical maximum value for a (Platt and Jassby, 1976) , while Station 44 had a value of 15% of the theoretical maximum. In contrast, Platt and Jassby calculated an average value of 44% for their data. While these values for a are not as high as in other studies, the 2-fold difference between Stations 34,58 and 44 implies a relatively higher sensitivity to low light for Stations 34 and 58; it is somewhat surprising to see an elevated a value at Station 58 where photoinhibition was also apparent. Although it is unclear why this occurred, we would speculate that the higher degree of stratification at Station 58 contributed to greater photoadaptation at this station. In contrast to the other physiological data, the index of photoadaptation (7 k 54% of 7 0 . We assume that the onset of photoinhibition occurred at an irradiance level just greater than / m . As state above, the water was initially collected at -30%
The kinetic parameters of nitrogen uptake are summarized in Table IV , respectively]. The half-saturation values (ALT) f°r NO 3~ and NH 4 + were 35.7 and 14.5 umol nr 2 s" 1 , respectively, significantly lower than the corresponding 7 k values for carbon uptake. Total-N uptake rates showed a pronounced sensitivity to low light levels (a = 1.16), with the contribution from NH 4 + uptake (a = 0.88) being substantially more low-light sensitive than NO 3 " (a = 0.49). Neither the NO 3 " nor NH 4 + uptake rates exhibited photoinhibition on the first day. Station 44, where the phytoplankton community was expected to have achieved maximal growth rates and exhibit 'balanced growth' conditions, demonstrated decreased total-N uptake rates [V" max = 12.9 ng-at N (ug Chi a)" , respectively]. The initial slopes decreased for all nitrogen uptake curves when compared to Station 34, evidence of a decreased sensitivity to light common in phytoplankton exposed to higher PPFD. Accompanying this was a dramatic increase in K LT values for the uptake of both total-N and NO 3 ", with a lesser increase from Station 34 to Station 44 for NH 4 + (Table IV) . Total-N uptake rates decreased slightly at Station 58 compared to Station 44. However, in contrast to Station 44 where NO 3~ uptake was twice that of NH 4 + uptake, Station 58 showed NH 4 + uptake dominance. This increased utilization of NH 4 + occurred despite the high ambient levels of NO 3 " (8 uM) and relatively low levels of NH 4 + (0.4 uM). The K LT values for NH 4 + continued to increase from Station 44 to Station 58, while those for NO 3 " and total-N uptake decreased. However, K LT levels for NH 4 + uptake remained lower than those for total-N or NO 3 ", indicating a lesser dependence on PPFD for NH 4 + uptake. The initial slope (a) increased for both NO 3 " and NH 4 + uptake. At Station 58, photoinhibition occurred at the highest PPFD for NO-f, NH 4 + and C uptake. The observed trend in these data was for an increasing dependency on NO 3 as a primary source of nitrogen for nitrogenous nutrition as the newly upwelled water aged, followed by a conversion to NH 4 + utilization [/-ratio = 0.59,0.70 and 0.27 for Stations 34,44 and 58, calculated as pNO 3 '/(pNO 3 " + pNH 4 + ) at saturating PPFD] despite the abundance of NO 3~ capable of saturating the NO 3~ uptake mechanisms of the phytoplankton. Accompanying this change in nitrogenous nutrition was an apparent physiological adaptation from the initially low-light conditions of deep source water to a higher light environment expected in a stratified water column. This resulted in a decrease in a and a corresponding increase in K L y for NO 3 " uptake rates (at Station 44) as compared to the initially upwelled waters. NH 4 + uptake rates varied more than NO 3 " uptake rates, as did the ambient concentrations of NH 4 + ; a lesser dependence on PPFD was observed for NH 4 + uptake relative to NO 3 " uptake rates, resulting in consistently lower K Ly values for NH 4 + uptake. Dark-uptake rates are summarized in Tables III and IV for carbon and nitrogen substrates, respectively. One of the assumptions made in applying Michaelis-Menten kinetics to nitrogen uptake versus irradiance relationships is that there is a direct dependence of nitrogen uptake on PPFD (i.e. a first-order process). NH 4 + , however, is often transported across the cell membrane and incorporated in the dark at substantial rates (e.g. review by Cochlan et al, 1991a) , which negates this assumption provided dark-uptake rates (V D ) are a significant proportion of the total uptake (V max = V" max + V D ). Dark uptake was minimal for carbon, with a slight increase over time from 1.9% of /* at Station 34 to 4.0% at Station 58. Although significant, the dark uptake of nitrogen in this study was lower than those values reported for other areas (e.g. >50%; Cochlan et al, 1991a,b) . The trend for dark-uptake rates was to decrease with time, with the highest dark nitrate uptake occurring at Station 34 (13.1% of V max ;note that Table IV provides values as K' max ) and very low dark-uptake rates (3.2%, 1.8%) at Stations 44 and 58. Dark uptake of NH 4 + demonstrated the most variability of the substrates measured (where variability is defined as the greatest degree of unpredictable change), with the lowest rate at Station 44 and higher rates at Stations 34 and 58 (14.4, 6.1 and 20.4% for Stations 34, 44 and 58, respectively). When comparing nitrogen and carbon dark uptake, the same trend is apparent in the absolute values (Tables III and IV) with the lowest dark uptake for carbon, total nitrogen and NH 4 + occurring at Station 44.
Discussion
Nitrogen recycling due to rapid remineralization (regeneration) rates of 14 N-NH 4 + and the resulting isotopic dilution can result in a significant (typically ~2-fold) underestimation of NH 4 + uptake rates determined from long (-24 h) incubations (e.g. Harrison and Harris, 1986) . The error associated with isotopic dilution during shorter (~8 h) incubation periods for coastal planktonic assemblages is generally less severe [the mean error is -1.3-1.6, calculated from Harrison and Harris (1986), their Table 1 ; Kanda et al (1987) , their Table 2 ]. The time of day during which the study is conducted can be an important factor determining the magnitude of isotopic dilution errors; diel NH 4 + regeneration patterns have been demonstrated previously in Kaneohe Bay, Hawaii (Caperon et al, 1979) , the Sargasso Sea (Glibert, 1982) and the subarctic Pacific (Wheeler et al, 1989) . In an extensive diel study of NH 4 + regeneration and uptake, Wheeler et al. (1989) reported that although isotope dilution was maximal at night, it was insignificant during daylight hours for the high-NO 3 " waters of the subarctic Pacific. In Monterey Bay, our use of short, daytime incubations likely minimized isotopic dilution effects. The high ambient concentrations of NH 4 + at Station 34 also make it unlikely that the values for that station were affected by dilution problems. However, without concurrent in vitro measurements of NH 4 + remineralization, it is prudent to consider the reported rates as conservative estimates.
Dark uptake of nitrogen is often considered a rough indicator of nutritional status, with high levels of dark uptake indicative of nutrient stress (e.g. Harrison, 1976; Paasche et al., 1984) . In our results, dark uptake was greatest at the beginning of the upwelling event (Station 34), with declining dark NO 3~ uptake as the water mass aged. In contrast, NH, + dark-uptake rates initially decreased (Station 44) and then increased (Station 58). This caused a corresponding increase in the total dark uptake of nitrogen since NH 4 + became the predominant source for nitrogen as the water mass aged. Although these rates are a function of the nutritional status of the cells, dark uptake is also a function of the time of day (e.g. Miyazaki etal., 1987; Fisher et al., 1988; Shiomoto and Matsumura, 1993) . The experiments conducted in this study were all initiated in the morning hours when internal reserves of photosynthetic energy and internal nitrogen pools would be low, especially if nitrogen dark-uptake rates are low. As a result, these experiments should indicate community nutritional status without the confounding effects of diurnal periodicity and with less dark uptake due to the availability of recently acquired photosynthate. It follows then that at the beginning of this upwelling event, the community was nitrogen stressed or limited. While this may seem counterintuitive given the high ambient concentrations of nitrogen, we suggest that these results indicate a greater instantaneous nitrogen demand at Station 34, rather than limitation in the Liebig sense of biomass accumulation (Liebig, 1840). As the upwelling event progressed, nitrogen demand decreased, causing a corresponding decrease in dark uptake. Nitrogen demand was still low at the end of the event, but NH 4 + was now the dominant source of nitrogen being utilized by the phytoplankton. Because of the relative insensitivity of NH 4 + uptake to light compared to NO 3~, we observed an increase in total dark uptake of nitrogen at the end of the upwelling event that we do not attribute to nutrient stress.
Heterotrophic dark uptake of nitrogenous substrates and/or species composition changes may also result in changes in absolute dark-uptake rates not attributable to physiological changes in the phytoplankton community. However, nitrogen uptake rates were determined for samples collected on GF/F (nominal pore size 0.7 urn) filters, which are generally assumed to capture -50% of viable heterotrophic bacteria (Kirchman et al., 1989) , and bacterial abundances were consistently low in Monterey Bay (determined by filtration onto 0.2 um membrane filters). Furthermore, the positive relationship demonstrated for all stations between nitrogen uptake and light levels indicates that the uptake rates were dominated by photoautotrophic organisms. Finally, the dark-uptake values decreased with time (e.g. with the presumed age of the sampled water), while the bacterial abundance increased with time (5-fold), strongly suggesting that heterotrophic bacteria were not the primary micro-organisms responsible for dark nitrogen uptake. Species composition changes also did not appear to reflect changes in the dark-uptake rates, leading us to conclude that while these are important considerations, they did not play a major role in our interpretation of these data.
Our proposed concept of physiological adaptation by the phytoplankton assemblage states that at the beginning of an upwelling event, the phytoplankton community will preferentially utilize photosynthetic energy to acquire nitrogen (as NO 3 "). As the water mass ages, the phytoplankton assemblage is expected to become increasingly reliant on regenerated (reduced) forms of nitrogen, and carbon uptake will account for an increased proportion of the reducing power produced from photosynthesis. To evaluate the relative partitioning of photosynthetic energy between carbon and nitrogen uptake, we present a direct comparison of C:N uptake ratios. These calculated uptake ratios vary for the same data set depending on whether mean, maximal (which may occur at different PPFDs for carbon and nitrogen) or PPFD-specific (values for a given PPFD level) uptake rates are used, as is shown graphically in Figure 5 . For all stations, the C:N uptake ratio increased with increasing irradiance with typically a 4-to 5-fold increase in the C:N uptake ratios for incubations conducted between 0 and 100% / 0 . This may also be seen by comparing the I k and K LT values for carbon and nitrogen, respectively; carbon uptake consistently demonstrated more light dependence than nitrogen uptake. This lesser dependence of nitrogen uptake on irradiance can also be expressed by comparing the ratios of low (1% / 0 ) and saturating (75% / 0 ) PPFDs (e.g. Conway and Whitledge, 1979; Cochlan et a/., 1991a) for carbon and nitrogen uptake (Table V) , with lower values representing greater PPFD dependency. These data demonstrate that NO 3 " uptake rates exhibit stronger PPFD dependence that NH 4 + , but carbon uptake is even more tightly coupled to PPFD than either nitrogen source, as is expected since secondary metabolic pathways provide an alternative energy source for nitrogen uptake and assimilation.
A second trend in these data is the temporal increase in the C:N uptake ratios. At Station 34, nitrogen metabolism likely accounts for a disproportionate utilization of reducing power, resulting in uptake ratios consistently lower than would be expected if uptake and assimilation rates were to correspond to the planktonic elemental composition as predicted by the Redfield C:N ratio (6.6:1 by atoms). Although the Redfield ratio is only a rough indicator of the composition that one would expect to measure in natural phytoplankton communities, it is expected that during balanced growth the C:N uptake rates will be -6.6:1 (atoms) during daylight hours. Given the observed temporal trend in C:N uptake ratios and the age of the water at Station 34 (24-48 h), it is likely that freshly upwelled water would exhibit even lower C:N uptake ratios than those reported for Station 34. We conclude that the algal community was not in 'balanced growth' during significant periods of the upwelling event, which contradicts the hypothesis that the algal assemblage is 'constantly adapted to local conditions', and exhibits no trend in Chl-specific nitrogen uptake rates. At the upwelling epicenter (Station 34), both carbon and nitrogen uptake rates were maximal, with no sign of photoinhibition. As the upwelled water aged, the maximal observed uptake rates for both carbon and nitrogen decreased, and the C:N uptake ratio increased above the Redfield ratio, a trend which continued in the frontal community (Station 58), as would be expected if the shift-up hypothesis were correct. Throughout our study, specific growth rates (calculated from increase in Chi a concentrations) remained relatively high (1.16,1.22 and 1.64 doublings day" 1 for Stations 34,44 and 58) and there was abundant NO 3 " at all stations. These results indicate that the algal community was 'healthy' and actively growing, and that the changes in C:N uptake rates are indicative of a cellularly controlled change in the physiological status of the community occurring in response to the upwelling event as hypothesized.
An important factor to consider when examining the nitrogenous nutrition of natural assemblages of phytoplankton is the availability of different nitrogen substrates for growth (both oxidized and reduced) and the uptake interactions between them. A commonly held belief in phytoplankton ecology is that phytoplankton prefer to use NH 4 + over NO 3~, and that little or no NO 3 " uptake occurs when ambient NH 4 + exceeds a certain threshold value. Classically, this concentration has been reported as ~1 uM (McCarthy, 1981) , although in an extensive review of field studies Dortch (1990) found that NH, + inhibition of NO 3 " uptake is rarely so severe, and that it is a highly variable phenomenon dependent on a number of factors, including the light and nutrient history, and the taxonomic composition of the phytoplankton assemblage. For example, whereas NH 4 + concentrations as low as 0.1-0.3 uM have been reported to inhibit NO 3~ uptake completely in the oceanic waters of the subarctic Pacific (Wheeler and Kokkinakis, 1990) , NH 4 + concentrations as high as 0.6 uM had little effect on the NO 3ũ ptake of the recently upwelled waters of the Oregon coast, where NO 3~ was the dominant nitrogen form utilized (/ values averaged 0.83; Kokkinakis and Wheeler, 1987) . The present study demonstrates the complexity of the interactions among nitrogenous substrates. We found that although NH 4 + uptake rates were substantial at Station 34 (where ambient NH 4 + was 0.98 uM), NO 3~ was still the predominant source of nitrogenous nutrition [/-ratio = 0.59; calculated as pNO 3 7(pNO 3 " + pNH 4 + ) at saturating PPFD]. This is consistent with the assertion that this station exhibited nitrogen stress, since under such conditions, it is expected that all available nitrogen sources would be utilized. The importance of NO 3~ uptake increased at Station 44, resulting in an /-ratio of 0.70. Finally, Station 58 nitrogen uptake rates indicated increased NH 4 + utilization (/-ratio = 0.27) in the presence of high NO 3~ (8 uM) and relatively low NH 4 + (0.4 uM) concentrations. When the /-ratios are calculated using rates from the 26% 7 0 (the PPFD closest to in situ values), the same trend is apparent, with / values of 0.59,0.60 and 0.30, respectively. Although it is difficult to estimate accurately nitrogenous preference in field studies (explained in detail by Dortch, 1990) , we would suggest that NH 4 + utilization (and its effects on nitrate utilization) in upwelled phytoplankton communities is highly dependent on the physical and physiological conditions associated with the upwelling event, and that the nitrogenous preference and nutrition of natural phytoplankton assemblages cannot be easily characterized based on evaluations of ambient nutrient fields.
The results of this study cannot provide conclusive evidence for shift-up due to the lack of evidence for upregulation of nitrogen assimilation at a molecular and biochemical level. Since the shift-up model is essentially a linear phenomenon in time and space, something which is rarely observed in natural waters, the evident entrainment of non-upwelled water into the plume during this study also precludes defining these data as purely a function of the shift-up response. However, the shift-up hypothesis does provide an acceptable template for describing the observed changes in the temporal response of carbon and nitrogen uptake to PPFD that we observed, and is more acceptable than the alternative hypothesis of a constantly (physiologically) adapted phytoplankton assemblage. Our results also support the use of a Michaelis-Menten hyperbola modified for dark uptake to model NO 3 " and NH 4 + uptake versus irradiance responses, and demonstrate that carbon and nitrogen uptake rates are tightly coupled, but not necessarily balanced over the short time scales typically measured in field studies. Finally, it is apparent from this data set that the paradigms of 'balanced growth' and NH 4 + inhibition do not necessarily apply to short-term rates and measurements in upwelling plumes.
